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PREFACE 


This  report  was  prepared  by  AiResearch  Manufacturing  Company  of  California, 
a  division  of  The  Garrett  Corporation,  for  the  Air  Force  Wright  Aeronautical 
Laboratories,  Wr ight-Patterson  Air  Force  Base,  under  Amendment  1  to  Contract 
F336 15-76-0304 3,  Integrated  Hinge  (Rotary)  Electromechanical  Actuation  Develop¬ 
ment.  The  final  report  (AFFDL-TR-78-150)  presented  the  results  of  the  design, 
fabrication,  and  laboratory  test  of  an  electromechanical  actuation  unit  developed 
under  the  basic  contract.  This  report  documents  the  additional  effort  authorized 
by  the  amendment,  which  was  to  extend  the  data  base  of  electromechanical  actuation 
by  performing  temperature  environmental  tests  on  the  unit,  and  to  increase  the 
power  output  level  of  the  controller  to  30  amp  at  270  vdc.  The  technical  effort 
was  performed  from  September  20,  1978  to  December  15,  1979  by  the  AiResearch 
mechanical  power  systems  product  TTrrev  wtttr  Mr.  Neal  Wood  as  principal  investi¬ 
gator.  Mr.  Daniel  K.  Bird  (FGL),  the  Air  Force  technical  monitor  for  the  program, 
provided  direction,  technical  support,  and  discussion  on  actuation  principles. 

Although  many  individuals  have  made  significant  contributions  to  the  organ¬ 
ization  and  content  of  this  report,  the  efforts  of  several  key  personnel  merit 
special  recognition.  E.  F.  Echolds  was  responsible  for  the  development  of  the 
electric  powered  servomotor;  J.  Ashmore,  J.  Cleek,  J.  Gray,  and  W.  Beck  were 
responsible  for  the  electronic  design  and  breadboard  controller  power  uprating; 

M.  Yang  provided  specialized  technical  support  in  the  development  of  the  com¬ 
puterized  thermal  simulation  program  and  analysis  of  the  motor  and  actuator 
character i sties  in  various  environments;  and  S.  Rowe  provided  technical  support 
with  the  duty  cycle  evaluation  analysis. 
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1.  INTRODUCTION  AND  SUMMARY 


This  final  report  presents  the  results  of  a  design  and  testing  effort 
that  was  devoted  to  strengthening  the  evaluation  data  base  of  electromecha¬ 
nical  actuation  for  primary  flight  control.  The  effort  described  herein  is 
authorized  through  an  an  amendment  to  Air  Force  Contract  F336 1 5-76-C-3043, 
which  sponsored  the  design  and  development  of  an  electromechanical  actua¬ 
tion  system  for  aircraft  primary  flight  control.  The  original  contract 
(F33615-76-C-3043)  is  described  in  Air  Force  document  AFFDL-TR-78-150, 
Electromechanical  Actuation  Development,  dated  December  1978. 

The  amended  program  was  based  upon  the  electromechanical  actuation  unit 
baseline  shown  schematically  in  Figure  1.  This  unit,  developed  and  evaluated 
under  the  original  contract,  provides  dual  redundancy  in  the  electronic  control, 
motor  drive,  and  mechanical  elements.  The  actuator  was  designed  to  be  in  a 
flight  configuration  to  illustrate  hingeline  structural  interface  capability, 
thermal  management  considerations,  and  servo  feedback  mounting  and  design 
considerations.  The  controller  was  fabricated  as  an  engineering  breadboard 
with  two  separate,  rack-mounted  servoc i rcu i ts  and  power  switch  assemblies. 

This  arrangement  provided  maximum  flexibility  to  incorporate  design  improve¬ 
ments.  Major  actuation  unit  features  are  described  on  the  following  page. 


Figure  1. 


E  lectromechan i ca I 


Actuation 


Unit  Block  Diagram 
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(a)  Closed-loop  position  servo  circuits  were  implemented  using  both  analog 
and  digital  techniques  to- demonstrate  versatility  for  interfacing  witn 
various  aircraft  flight  control  systems.  Optical,  digital  encoders, 
and  analog  potentiometers  were  used  to  monitor  control  surface  position 
and  are  used  in  the  servo  feedback  loop.  Trans i stor i zed  electric  power 
switch  circuits  provides  motor  torque-rate  and  commutation  control. 

(b)  Permanent-magnet,  270-vdc  motors  using  brushless  commutation  and  rare- 
earth  cobalt  magnets  in  the  rotor  assembly  are  used  to  achieve  high 
acceleration  and  torque  in  minimum  space  and  weight.  Samarium  cobalt 
and  other  high-energy,  rare-earth-magnet  materials  are  being  used  to 
reduce  servomotor  size  and  weight  while  maintaining  high  performance 
output.  As  a  result,  dc  electric  motors  are  competitive  with  the 
hydraulic  motors  used  in  primary  flight  control  systems.  The  selec¬ 
tion  of  270-vdc  power  was  based  upon  rectification  of  a  standard 
115/200-v,  400-Hz  aircraft  power  source. 

(c)  Torque  multiplication  and  speed  reduction  are  accomplished  through  a 
rotary  hingeline  actuator  that  implements  dual  redundant  drive  chan¬ 
nels,  using  a  velocity  summing  planetary  differential  and  planetary 
gear  stages  to  the  rotary  output.  The  rotary  actuator  gear  ratio 
matches  the  torque  and  speed  requirements  of  the  control  surface  to 
the  motor  output.  Improved  materials  and  manufacturing  processes 
make  use  of  high-strength  alloys  to  achieve  high  fatigue  strength, 
high  stiffness,  and  lose  of  produc i b i I i ty . 

This  hardware  has  demonstrated  the  capability  of  using  low-level  electric 
signals  (fly-by-wire)  to  control  high-power  electrical  servomotors  (power-by¬ 
wire).  Previous  testing  was  limited  to  a  laboratory  demonstration  of  capability 
and  versati I i ty  at  room  temperature.  The  fol lowing  tests  were  performed  under 
the  basic  contract: 

•  Component  acceptance  and  functional  testing 

•  Mechanical  and  electrical  interface  compatibility  verification 

•  System  performance  (frequency  response,  dynamic  stiffness,  velocity, 
position  resolution,  and  efficiency) 

•  System  demonstration  (reliability  redundancy  management) 

1.1  PROGRAM  OBJECTIVE  AND  SCOPE 


The  design  and  testing  effort  described  in  this  report  was  conducted  by 
AiResearch  Manufacturing  Company  of  California  under  an  amendment  to  USAF  Con¬ 


tract  F3361 5-76-C-3043  to  further  evaluate  the  unit 
as  an  aircraft  primary  flight  control.  The  program 
tional  performance  information  for  final  evaluation  of  the 
tion  unit  in  the  following  areas  of  operation: 


designed  for  application 
objective  is  to  supply  addi- 
hardware  demonstra- 


•  Temperature  extremes 


•  Increased  current  limit 
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•  Low  supply  voltage 

•  Various  duty  cycles 

To  accomplish  these  objectives,  the  program  has  been  divided  into  five 
discrete  tasks  as  shown  in  Figure  2. 


TASK  3 


TASK  1  TASK  2  TASK  4  TASK  5 


S  46944 


Figure  2.  Program  Task  Definition 
1.2  PROGRAM  TECHNICAL  SUMMARY 

AiResearch  Manufacturing  Company  of  California  was  awarded  a  contract  in 
1976  for  the  design,  development,  fabrication,  and  limited  test  of  an  electro¬ 
mechanical  actuation  unit  for  aircraft  primary  flight  controls.  This  program 
was  successfully  completed  at  the  beginning  of  1979. 

It  was  then  recognized  that  there  was  a  need  to  further  strengthen  the  data 
base  of  electromechanical  actuation.  On  September  1,  1978,  the  contract  was 
amended  to  include  (1)  a  substantial  increase  of  the  current  applied  to  the 
motors,  and  (2)  a  comprehensive  test  program.  This  amendment  is  the  subject  of 
this  report.  The  schedule  for  this  amended  program  is  presented  in  Figure  3. 
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Figure  3.  Program  Schedule 


1.3  TEST  S UNWARY 


The  testing  effort  covered  by  this  amendment  was  divided  into  four  discrete 
areas.  The  significant  results  of  these  tests  are  summarized  as  follows: 

•  Extended  Temperature  Test — Performance  of  the  actuation  unit  was 
essentially  unaffected  over  an  ambient  temperature  ranqe  of  -65#F 
to  +250°F. 

•  Increased  Current  Limit  Test — The  inverter  current  limit  can  easily 
be  adjusted  to  any  value.  This  feature  makes  the  actuation  unit 
extremely  versatile  since  it  can  be  tailored  to  any  particular 
application  requiring  up  to  30-amp  current  per  motor. 

•  Voltage  Variation — Significant  reduction  in  line  voltage  has  a  mini¬ 
mal  effect  on  actuation  unit  performance  at  frequencies  up  to  4  Hz. 

•  Temperature  Evaluation — Correlation  of  test  data  and  analysis  has 
verified  the  thermal  model,  which  is  now  available  as  a  valuable 
analytical  tool. 


2.  TECHNICAL  APPROACH 


The  amended  contract  effort  to  demonstrate  the  power  uprating  of  the 
solid-state  power  controller  was  based  on  the  use  of  the  motors  and  actuator 
that  were  previously  developed. 

This  section  presents  a  brief  summary  of  the  hardware  characteristics  as 
fabricated  and  tested  during  the  original  contract  effort.  It  also  describes 
any  modifications  or  improvements  to  the  mechanical  hardware  that  were  deemed 
necessary  to  support  evaluation  of  the  controller. 

2.1  ACTUATION  UNIT  DESCRIPTION 

The  actuation  unit  consists  of  two  controllers,  two  motors,  an  actuator, 
and  an  output  position  feedback.  The  arrangement  of  these  elements  is  shown 
in  Figure  4. 


Figure  4.  Actuation  Unit 
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The  arrangement  of  elements  remained  unchanged  during  the  contract 
amendment,  although  the  mechan i zat ion  of  the  power  switch,  servocontro I , 
and  selection  of  the  position  feedback  transducer  was  changed.  The  back¬ 
ground  of  each  of  the  principal  components  is  presented  in  the  following 
text. 

2.2  ACTUATOR 

The  actuator  shown  in  Figure  5  is  comprised  of  two  motors  operating  into 
a  velocity  summing  differential,  the  output  of  which  drives  a  planetary  geared 
output  with  structural  attachments,  all  of  which  serves  as  a  rotary  hinge  for 
the  control  surface.  The  gearing  assembly  serves  as  the  structural  mounting 
for  the  two  redundant  motors  and  as  the  structural  interface  between  the  con¬ 
trol  surface  and  mating  aircraft  structure. 


2.2.1  Motor  Descr i  i 


The  motor  in  an  electromechanical  actuation  unit  functions  to  convert 
electrical  current  and  voltage  to  mechanical  torque.  The  assembled  permanent- 
magnet  rotor,  which  consists  of  high-energy-density,  samarium  cobalt  magnets, 
arranged  in  a  6-pole  configuration,  allows  high-speed  operation  with  low 
rotor  inertia. 


The  wound  stator  (see  Figure  6)  is  designed  with  a  large  copper  cross- 
section  to  provide  low  electrical  losses  (12R),  high  current,  and  high  torque 
capabilities.  Improved  thermal  control  of  the  motor  is  a  result  of  winding 
locations  in  the  stator.  Heating  that  occurs  in  the  windings  can  be  easily 
transferred  to  the  finned  motor  housing. 

The  motor  assembly  includes  a  rotor  shaft  position  sensor.  Commutation 
(putting  current  in  the  proper  direction  through  the  stator  windings)  is 
accomplished  by  using  variable  reluctance  pickups.  The  rotor  position  infor¬ 
mation  is  input  to  the  controller  switching  network  to  develop  the  commutation 

logic. 

A  parking  brake  is  included  as  a  part  of  the  motor.  Its  only  purpose 
within  the  present  configuration  is  to  lock  a  failed  drive  channel.  Without 
this  lock,  the  operating  motor  could  back-drive  the  failed  motor  through  the 
high  efficiency  differential  gearing. 

2.2.2  Motor  Performance 

The  motor,  which  was  unchanged  from  the  original  contract  effort,  was 
mounted  in  a  laboratory  dynamometer.  The  improved  (30  amp)  controller  assembly 
was  connected  to  it  to  drive  as  a  motor  in  both  the  clockwise  and  counter  clock¬ 
wise  direction.  Figure  7  shows  the  relationship  of  motor  speed,  torque,  and 
the  input  motor  current.  One  important  characteristic  is  shown  in  this  figure; 
a  nonlinear  torque  speed  curve.  For  current  levels  up  to  approximately  20  amps, 
the  torque  speed  relationship  is  linear  as  expected.  At  current  levels  of  above 
20  amp,  the  speed  drops  off  as  torque  increases. 
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Figure  5.  Hinge! ine  Actuator  Motors 


Figure  6*  Rare-Earth  Permanent  Magnet  Motor  Parts 
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16-AMP  current  limit 
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An  analysis  was  initiated  to  determine  the  reason  for  this  effect.  The 
motor  had  originally  been  designed  to  operate  at  16  amp  and  to  exhibit  a  linear 
relationship  of  torque  to  speed.  The  nonlinear  torque  speed  plot  was  judged  to 
be  related  to  the  increase  in  current  and  the  inductance  of  the  motor  windings. 
Using  the  motor  characteristics  shown  in  Table  1,  the  analysis  was  conducted 
on  an  A i Research  computer  program  to  develop  the  maximum  motor  performance  at 
current  levels  of  30  amp  as  opposed  to  the  original  design  value  of  16  amp. 
Figure  8  shows  the  results  of  the  analytical  prediction  of  motor  performance 
compared  to  the  test  data.  The  correlation  is  good.  This  figure  shows  that 
the  motor  can  operate  at  stall  (30  amp  limit)  current  for  speeds  of  0  to  approx¬ 
imately  3500  rpm.  At  that  speed,  the  back  emf,  in  combination  with  the  stator 
winding  inductance,  begins  to  reduce  the  amount  of  current  that  can  be  forced 
into  the  windings  from  the  available  line  voltage  supply.  A  smooth  transition 
is  experienced  to  the  point  of  8000  rpm  and  20  amp,  where  the  torque-speed- 
current  relationships  become  linear  and  remain  linear  up  to  full  speed. 


TABLE  1 

MOTOR  CHARACTERISTICS 


Rated  voltage 

265  vdc 

No-load  speed 

9600 

Stator  resistance  (68°F) 

0.74  ohm  ( 1 ine  to  1 ine) 

Rotor  inertia 

9.95  x  10-4  Ibf-in.-sec^ 

Time  constants 

0.002  sec,  electrical 

0.015  sec,  mechanical 

Back  emf 

28.13  per  1000  rpm 

Brake  voltage 

270  vdc 

Brake  torque 

75  Ibf-in.  (minimum) 

Weight 

9.65  lb 

T r- 
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Figure  8.  Actual  and  Predicted  Motor  Performance  Comparison 


2.2.3  Actuator  Gearing 

The  actuator  gearbox  design  was  based  upon  contract  and  program  ground 
rules  representat i ve  of  future  aircraft  actuation  system  requ i rements.  The 
following  list  of  parameters  formed  the  basis  of  the  gearbox  design: 

•  Rotary  hingeline  design 

•  4  in.  depth 

•  37,575  in.- lb  maximum  hinge  moment  torque 

•  80  deg/sec  no-load  rate 

The  dual  redundant  motors  operate  into  the  velocity  summing  differential 
(Figure  9),  followed  by  two  stages  of  simple  planetary  reduction.  The  out¬ 
put  of  the  second  stage  operates  into  the  compound  planetary  gearset,  which 
consists  of  two  identical  load  sharing  slices. 


For  this  contract  amendment,  the  gearing  'was  used  without  modification. 
The  exterior  of  the  actuator  was  cleaned  and  painted  to  prevent  corrosion 
during  repeated  temperature  cycling.  The  actuator  was  painted  with  baked 
on  FP73  B04  gloss  white  paint,  which  has  sufficient  properties  to  adequately 
protect  the  exterior  of  the  actuator  throughout  the  testing  effort. 
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2.2.4  Position  Feedback 


Two  control  surface  position  feedback  transducers  were  demonstrated  under 
the  original  contract  testing.  A  digital,  optical  encoder  was  used  to  provide 
direct  interfacing  with  the  early  microprocessor  controller.  Later,  a  rotary 
potentiometer  was  used  to  simplify  interfacing  with  an  analog  ser vocontro I . 

No  actuator  performance  difference  could  be  identified  when  switching  from  one 
transducer  to  the  other. 

For  this  test  program,  the  rotary  potentiometer  was  used  due  to  the 
simplicity  of  interfacing  with  the  analog  servo  circuits. 

2.2.5  Control ler 


The  major  part  of  the  amended  contract  effort  was  in  the  design,  bread¬ 
board  fabrication,  and  performance  verification  of  the  high  power  controller. 
Because  of  the  extensive  nature  of  this  activity.  Section  3  describes  (1)  the 
original  controller  circuits  as  a  baseline,  and  (2)  the  modified  and  new  con- 
tro I  I er  c i rcu i ts. 
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CONTROLLER  DESIGN  IMPROVEMENT 


The  major  effort  of  this  amendment  was  centered  on  design  improvements  in 
the  power  servo  control  area.  The  improvements  were  required  for  two  reasons: 

( 1 )  to  increase  the  controlled  output  power,  and  (2)  to  simplify  and  redesign 
specific  circuits  and  functions. 

To  accommodate  the  increase  in  output  power,  new  higher-power  solid-state 
switching  devices  were  considered.  After  selection  of  the  power  switch,  speci¬ 
fic  drive  circuits  were  designed,  tested,  and  integrated  into  the  existing  con¬ 
trol  ler  breadboard.  During  fabrication  of  the  uprated  breadboard,  some  cir¬ 
cuitry  was  found  to  be  marginal  or  obsolete  because  of  modifications  made  in 
the  power  switch  section.  These  circuits  were  then  redesigned  or  eliminated 
as  necessary. 

This  section  details  the  method  by  which  the  controller  current  limit  was 
increased  by  a  factor  of  approximately  four,  from  an  average  of  8  amps  to  an 
average  of  30  amps.  The  material  is  organized  in  two  parts:  (1)  the  design  of 
the  controller  developed  under  the  original  contract  (the  discussion  serves  as 
a  baseline  for  part  two),  and  (2)  the  modifications  and  improvements  to  the 
power  servo  control ler  that  were  made  under  the  amended  contract. 

3.1  DESIGN  OF  THE  BASELINE  CONTROLLER 

The  controller  for  the  electromechanical  actuation  unit  consists  of  the 
servo  and  power  switch  assemblies,  which  are  the  two  major  functional  elements. 
The  servo  circuits  provide  the  proper  logic  to  accomplish  the  desired  high 
current  switching  of  the  power  switch  assemblies.  These  assemblies  are  further 
divided  and  described  as  follows: 

(a)  Analog  servo  assembly,  comprised  of  the  control  circuitry;  surface 
position  sensing;  rotor  position  detectors;  and  the  sequence  control 
and  inhibit  logic. 

(b)  Power  switch,  comprised  of  the  driver  switches;  current  limit;  and 
the  power  suppl ies. 

(c)  Servo  circuits  for  tachometer  feedback  configuration,  comprised  of 
the  tachometer  feedback  control  loop  and  the  rotor  speed  detection. 

3.1.1  Analog  Servo  Assembly 

The  analog  servo  assembly  was  packaged  within  a  standard  instrument  rack 
as  shown  in  Figure  10.  Various  standard  laboratory  power  supplier  were  also 
used  to  support  operation  of  the  unit.  These  were  located  in  the  bottom  of 
the  console. 
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3. 1.1.1  Control  Circuitry 

The  control  circuitry  is  shown  in  Figure  II  for  the  voltage  servo  bread¬ 
board;  the  schematic  for  the  control  circuitry  is  shown  in  Figure  12.  The  con¬ 
trol  circuitry  is  comprised  of  the  command  buffer,  position  error,  loop  dynamic 
compensation,  pulse  width  modulators,  and  error  direction  detectors.  Amplifier 
Ul  combines  the  following  functions:  buffering  the  command  input;  summing  the 
command  and  feedback  position  signals  to  produce  a  position  error;  and  provid¬ 
ing  dynamic  compensation  for  the  position  feedback  signal.  Amplifier  U2  inte¬ 
grates  the  position  error  and  provides  the  additional  dynamic  compensation 
required  for  position  loop  stability.  The  zener  diodes  VR1  and  VR2  provide  a 
clamp  for  the  integrator  to  limit  its  range  in  corresponding  to  the  range  of 
the  pulse-width  modulator. 

Pulse-width  modulation  is  accomplished  by  comparators  U3  and  U4.  The  pulse 
width  is  generated  for  positive  errors  by  comparing  the  error  voltage  with  a 
3-kHz  triangle  wave,  which  is  offset  so  that  the  bottom  tip  of  the  waveform 
is  at  zero.  When  the  error  is  greater  than  the  triangle  wave,  the  output  is 
energized,  which  applies  the  line  voltage  to  the  motor.  When  the  error  is  less 
than  the  triangle,  the  line  voltage  is  turned  oft.  For  negative  errors,  the 
error  is  added  to  the  triangle  wave  and  the  sum  is  compared  with  zero,  which 
produces  the  same  pulse  widths  as  for  positive  errors.  The  pulse  width  produced 
is  proportional  to  the  error  voltage,  as  shown  in  Figure  13.  The  average  motor 
voltage  is  therefore  the  V |  j  ne  times  duty  cycle,  where  duty  cycle  =  t/T,  t  = 
pulse  width,  and  T  =  period  of  the  triangle  wave.  Therefore,  the  gain  of  the 
pulse-width  modulator  is  a  direct  function  of  the  line  voltage.  To  keep  the 
gain  constant,  the  line  voltage  is  monitored  and  used  as  the  reference  for  the 
triangle  wave.  The  triangle  wave  is,  therefore,  amplitude-modulated  as  a  func¬ 
tion  of  line  voltage.  For  a  given  error  voltage,  the  pulse  width  is  increased 
or  decreased  in  inverse  proportion  to  line  fluctuations,  ensuring  a  fixed 
motor  voltage  and  gain. 

The  schematics  of  the  triangle  wave  generator  and  its  resulting  waveform 
are  shown  in  Figures  14  and  15.  Comparators  U5  and  U6  are  used  to  detect  the 
motor  drive  direct' on.  The  two  detectors  are  cross-coupled,  with  a  10-  sec 
delay  between  turnoff  of  one  and  turn-on  of  the  other.  This  ensures  that  the 
drive  transistors  for  one  direction  have  time  to  turn  off  before  the  tran¬ 
sistors  for  the  other  direction  are  turned  on;  this  prevents  transistors  in 
series  across  the  270-vdc  line  from  being  on  at  the  same  time,  thus  ensuring 
that  they  are  not  damaged. 

3. 1.1. 2  Surface  Position  Sensing 

The  control  surface  position  is  sensed  by  a  12-bit  digital  rotary  shaft 
encoder.  The  encoder  output  is  in  a  digital  gray  code  and  must  be  decoded 
to  binary  format  by  a  cascaded  series  of  exclusive  OR  gates.  The  decoded 
binary  number  is  then  converted  to  an  analog  voltage  level  by  an  analog-to- 
digital  converter  that  is  offset  to  provide  bipolar  output  corresponding  to 
positive  and  negative  surface  positions.  A  filter  is  included  in  the  output 
buffer  to  smooth  the  bit-to-bit  transitions  of  the  converter.  A  schematic 
is  shown  in  Figure  16. 
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Figure  12.  Position  Error  and  Compensation  Amplifiers, 
Pulse-Width  Modulators,  and  Direction  Sense 
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Triangle  Wave  Generator 


5.  Triangle  Waveform 


FROM  POSITION  ENCODER 
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The  precision  10-v  reference  is  used  for  the  D/A  conversion,  which 
gives  an  output  scaling  of  0.2489  v/deg.  The  12-bit  encoder  gives  two  dis¬ 
crete  states  for  80.36  deg  of  travel,  which  provides  a  resolution  of  0.0196 
deg. 


3. 1.1. 3  Rotor  Position  Detectors 


To  synchronize  the  stator  voltage  with  the  rotor  for  efficient  torque 
transfer,  the  position  of  the  rotor  must  be  known.  To  sense  this  position, 
three  variable  reluctance  position  sensors  are  mounted  in  the  motor  frame  at 
40-deg  intervals.  These  sensors  are  transformers  with  a  mechanical  shutter 
mounted  on  the  motor  shaft,  which  varies  the  coupling  between  the  primary  and 
secondary.  This  coupling  change  varies  the  amplitude  of  the  voltage  in  the 
sensor  secondary.  A  diagram  of  the  idealized  position  outputs  is  shown  in 
Figure  17. 

The  position  detection  circuitry  is  shown  in  Figure  18.  There  are  three 
identical  detector  circuits.  The  primaries  of  the  sensors  are  driven  with  a 
50-kHz,  18-v  peak-to-peak  square  wave.  This  frequency  is  generated  by  timer 
U1,  which  is  connected  as  a  square-wave  oscillator;  the  frequency  is  amplified 
to  the  proper  level  by  Q1  and  Q2.  The  sensor  output  is  demodulated  by  U2  and 
U3,  which  amplify  and  full-wave  rectify  the  signal.  The  signal  is  then  filtered 
and  level  detected  to  eliminate  the  50-kHz  reference  frequency,  and  to  give  the 
position  output. 


3. 1.1.4  Sequence,  Control,  and  Inhibit  Logic 


The  schematic  of  the  drive  logic  is  shown  in  Figure  19.  The  drive  logic 
sets  the  sequence  in  which  the  drive  transistors  are  turned  on  as  a  function 
of  the  rotor  position  (as  indicated  by  0],  02»  and  0j)  and  the  commanded  direc¬ 
tion  signals  CW  and  CCW.  The  upper  switches  (indicated  by  a  +)  are  turned  on 
as  a  function  of  direction  and  rotor  position,  whereas  the  power  switches  (indi¬ 
cated  by  a  -)  are  modulated  as  a  function  of  the  pulse-width  modulation  signal. 
The  logic  equations  for  the  switches  are  as  follows: 

•  Upper  switches 

A  +  =#(01  .  03  .  CW  +  0;  .  03  .  CCW)  .  INHIBIT  .  AM 

B  +  =  (02  •  ?3  •  CW  +  02  •  03  •  CCW)  .  INHIBIT  .  BM 

C  +  =  (0j  .  02  •  CW  +  01  .  02  .  CCW)  .  INHIBIT  .  CM 


•  Lower  switches 
A  -  =  (0, 
B  -  =  (02 
C  -  =  (0, 


03  •  CW  +  0  j  .  0^ 
03  •  CW  +  02  •  03 
02  •  CW  +  0  j  •  02 


CCW)  .  ENABLE  .  AP 
CCW)  .  ENABLE  .  BP 
CCW)  .  ENABLE  .  CP 
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where : 


INHIBIT 

=  CLH  •  DELH 

CLH 

=  P 1 ug  current  limit 

DELH 

=  P 1 ug  140  sec  del  ay 

ENABLE 

=  PW  .  CLL  .  DELL 

PW 

=  Pulse  width  modulation 

CLL 

=  Lower  current  limit 

DELL 

=  Lower  140  sec  delay 

Timing  diagrams  of  the  drive  logic  are  shown  in  Figure  20. 

The  AP,  BP,  CP,  AM,  BM,  and  CM  signals  are  used  to  ensure  that  two 
of  the  switches  (for  example,  A+  and  A- )  are  never  enabled  at  the  same  time. 

This  would  cause  a  short  across  the  line,  damaging  the  transistors. 

3.1.2  Power  Switch  Supply 

3 . 1 . 2 .  1  Driver  Switches 

The  schematic  of  the  driver  switches  is  shown  in  Figure  21.  The  operation 
of  a  switch  (for  example,  switch  At)  is  typical  for  all  of  the  power  switches. 

When  logic  signal  At  is  high,  optical  coupler  O3  is  off,  making  the  level 
detector  output  low.  This  turns  on  Qj  and  energizes  switch  At,  causing  current 
to  flow  in  one  leg  of  the  motor.  When  logic  signal  At  goes  low,  optical  coupler 
Q3  is  energized,  forcing  the  level  detector  output  high.  This  turns  off 
Q]  and  turns  on  Q2,  which  pulls  current  out  of  the  base  of  switch  At,  thus 
turning  it  off.  Since  the  motor  has  inductance,  the  current  cannot  be  inter¬ 
rupted;  the  voltages  go  low  and  forward  bias  diode  CRA-,  giving  a  path  for 
tne  motor  current. 

The  bias  for  the  power  switcnes  is  obtained  from  a  floating  power 
supply  PSA,  which  is  referenced  to  the  motor  terminal  A.  The  optical  couplers 
isolate  the  logic  signals  from  the  270-v  power. 

The  network  R,  C,  and  CR  i s  a  snubber  network  to  shape  the  transistor 
current-voltage  turnoff  locus.  Without  the  snubber,  the  transistor  turns 
off  with  an  inductive  load,  and  the  current  continues  to  flow  in  the  transistor 
until  the  flyback  diode  starts  to  conduct.  This  means  it  has  full  current 
and  full  line  voltage  across  it  at  the  same  time.  This  produces  a  very  high 
power  spike  in  the  transistor  that  can  cause  damage  or  failure.  With  the  snubber, 
capacitor  C  charges  through  the  diode  CR  when  the  voltage  across  the  transistor 
increases,  therefore  sharing  the  current  with  the  transistor.  A  typical  curve 
of  this  operation  is  shown  in  Figure  22. 


3 . 1 .2. 2  Current  Limit 


The  current  limit  circuitry  is  shown  in  Figure  23.  There  are  two  current 
limits  for  controlling  motor  and  transistor  currents.  The  primary  function  of 
the  lower  current  limit  is  to  limit  the  motor  torque  and  power  in  normal  opera¬ 
tion.  The  upper  limit  is  used  i  r.  the  plugging  mode  of  operation  when  the  motor 
is  rotating  in  one  direction  and  the  inverter  is  driving  in  the  other.  This 
condition  occurs  during  braking  and  reversing.  Under  these  conditions,  both  the 
back  emf  and  the  applied  voltage  cause  current  to  flow  in  the  same  direction, 
which  can  cause  high  currents.  This  upper  limit  is  primarily  to  protect  the 
transisTors  from  possible  damage. 

For  normal  operation  with  one  upper  and  one  lower  switch  on  (for  example 
A+  and  B-),  the  current  flow  is  from  the  line  through  Rc^,  switch  A+,  motor 
windings  A  ■■  B,  switch  B  -  Rg|_,  and  into  ground.  The  voltage  across  Rg|_|  and 
Rgl_  is  proportional  to  motor  current.  When  the  motor  current  reaches  the  limit 
level  of  16  amp,  U2  goes  low,  which  starts  one  shot  U3  and  forces  the  ENABLE 
lew;  this  turns  the  B-  switch  off.  Due  to  the  motor  inductive  flyback,  the 
current  path  is  now  changed  to  the  line  R$FI'  switch  A+,  motor  winding  A  -  B, 
diode  CRB+,  and  back  to  the  line.  In  this  condition,  the  current  loop  does 
not  include  the  line,  and  the  current  is  not  taken  out  of  the  supply.  The  cur¬ 
rent  in  the  motor  decays  in  this  condition.  Since  no  current  flows  in  Rs|_>  6’ 2 
returns  high.  The  ENABLE  remains  low  until  the  one-shot  period  of  140  sec  is 
over;  the  ENABLE  then  returns  high,  depending  on  the  level  of  PW.  Switch  B- 
is  again  turned  on  and  current  increases  in  the  motor  until  it  reaches  the 
current  limit,  and  the  sequence  is  then  repeated. 
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In  the  plugging  mode,  the  current  rapidly  rises  in  the  motor  due  to  the 
addition  of  the  back  emf  and  the  applied  voltage.  The  lower  limit  is  reached 
first,  and  the  operation  is  as  described  above.  Due  to  the  back  emf,  the  cur¬ 
rent  continues  to  rise  until  the  upper  limit  of  18  amp  is  reached.  At  this 
time,  U4  goes  low,  starting  one  shot  U5  and  forcing  INHIBIT  low,  thus  turning 
off  A+.  The  current  path  is  now  from  ground,  diode  CRA-,  motor  winding  A  -  B, 
diode  CRB+,  and  into  capacitor  C  to  ground.  Since  current  cannot  flow  back  into 
the  supply,  the  capacitor  is  charged  with  the  current.  In  this  condition,  the 
motor  current  decays.  The  INHIBIT  is  held  low  until  the  one-shot  period  of  140 
sec  ends,  when  it  again  goes  high,  turning  on  A+.  The  current  again  increases, 
repeating  the  process  until  the  motor  speed  is  reduced  to  a  point  where  the  back 
emf  and  the  applied  voltage  will  not  drive  the  limit  current. 

3. 1.2.3  Power  Supp I i es 

The  power  supplies  are  shown  in  Figure  24.  Power  supplies  A,  B,  C,  D, 
and  E  are  commercial  and  are  used  to  ( 1 )  bias  the  power  switches,  and  (2)  pro¬ 
vide  a  floating  supply  for  the  upper  current  limit  circuitry.  A  precision  10-v 
reference  is  created  for  the  D/A  converter  reference  and  for  other  circuits  in 
the  system.  The  +12  v  and  -12  v  supplies  are  derived  from  the  +18  v  and  -18  v 
supplies  for  use  as  references  and  as  supplies  for  lower  voltage  circuits. 

3.1.3  Servo  Circuits  for  Tachometer  Feedback  Configuration 

3. 1.3.1  Tachometer  Feedback  Control  Loop 

For  additional  dynamic  compensation  of  the  position  control  loop,  the 
speed  of  the  motor  rotor  is  sensed  and  used  as  a  secondary  control  loop.  A 
block  diagram  of  this  control  is  shown  in  Figure  25,  and  the  breadboard  layout 
is  shown  in  Figure  26.  The  control  loop  electronics  have  been  changed  to  accom¬ 
modate  this  addition,  and  the  circuitry  associated  with  rotor  speed  and  direc¬ 
tion  detection  have  been  added.  The  pulse-width  modulators,  sequence  control 
logic,  current  limiting,  drive  switches,  rotor  position,  and  fin  position  cir¬ 
cuitry  are  the  same  as  previously  described. 

The  schematic  of  the  control  loop  circuitry  is  shown  in  Figure  27. 

Amplifier  Ul  sums  the  command  input,  fin  position,  and  rotor  speed,  and  pro¬ 
vides  an  error  output.  This  error  is  integrated  by  U2.  Zener  diodes  VRI  and 
VR2  limit  the  output  to  prevent  integrator  windup.  U3  sums  an  additional  speed 
input  with  the  integrator  to  provide  a  voltage  signal  that  is  compared  with 
the  triangle  wave  in  the  pulse-width  modulator. 

Amplifier  U4  and  U5  provide  speed  signal  scaling  and  phase  compensation 
required  for  loop  stability.  Zener  diodes  VR3  and  VR4  limit  the  authority  of 
the  secondary  speed  loop. 

3. 1.3.2  Rotor  Speed  Detection 

To  determine  the  rotor  speed,  a  tachometer  winding  was  added  in  parallel 
with  each  of  the  three  rotor  windings.  This  provides  a  3-phase  sine  wave  signal 
with  the  amplitude  proportional  to  the  rotor  speed. 
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Figure  24 •  Power  Supply 
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Figure  25.  Tachometer  Feedback  Control  Block  Diagram 
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Figure  26.  Tachometer  Feedback  Servo  Control  Breadboard 
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Figure  27.  Tachometer  Control  Circuitry 

The  schematic  of  the  speed  detection  circuitry  is  shown  in  Figure  28. 

The  3-phase  speed  signal  is  converted  to  dc  by  a  precision  full-wave  rectifier 
circuit,  U1  through  U6,  which  does  not  have  the  voltage  losses  because  of 
diodes  that  are  usually  associated  with  rectifier  circuits.  This  gives  a  contin¬ 
uous  signal  from  zero  to  full  amplitude.  Because  this  signal  has  the  same  sign 
for  both  directions  of  rotation,  the  signal  must  be  inverted  tor  the  reverse 

direction.  This  is  accomplished  by  amplifier  U7  and  transistor  Ql.  When  Ql  is 

off,  the  sign  of  U7  is  positive.  When  Ql  is  on,  the  sign  is  negative.  The 

state  of  Ql  is  determined  by  the  rotor  direction  detection  circuit. 

The  schematic  diagram  for  the  motor  rotor  direction  circuit  is  shown  in 
Figure  29.  The  direction  of  rotation  is  sensed  by  the  output  of  the  three 
rotor  position  detectors:  0| ,  02»  and  03.  On  each  transition  of  these  outputs, 
a  pulse  is  generated.  The  previous  state  of  rotor  position,  which  hai  been 
stored  in  flip-flops  1  and  2,  is  compared  with  the  present  state  and  a  direction 
is  determined.  A  transition  occurs  every  60  deg  of  electrical  cycle.  There 
are  3  electrical  cycles  for  each  complete  rotation;  therefore,  a  direction 
change  can  be  determined  within  20  deg  of  rotation. 

3.2  CONTROLLER  MODIFICATION  AND  IMPROVEMENTS 

As  a  result  of  the  controller  development  described  above,  a  number  of 
areas  were  identified  as  candidates  for  further  improvement.  Some  were 
related  to  the  contract  amendment  requiring  increased  power  output  from  the 
controller,  and  some  were  simply  deficiencies  in  the  design  that  were  revealed 
as  the  development  progressed. 
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Figure  28.  Rotor  Speed  Detection  Circuit 


ONE 

SHOT 


■ 


i 


37 


Figure  29.  Rotor  Detection  Circuit 


The  following  paragraphs  descr i be  the  circuits  that  were  modified.  Figure 
30  shows  the  controller  block  diagram,  with  emphasis  on  those  circuit  func¬ 
tions  where  major  modifications  were  made.  These  modifications  included  the 
control  circuits,  logic  circuits  current  limit,  and  control  surface  position 
sensing.  Table  2  summarizes  the  aspects  of  the  baseline  controller  that  were 
found  deficient;  describes  the  problem  area;  and  shows  the  selected  approach 
to  circuit  improvement. 

3.2.1  Control  Circuitry 

Two  improvements  were  made  on  the  control  circuitry  (see  Figure  31).  The 
first  improvement  is  to  maintain  constant  loop  gain  with  either  one  or  two  motors 
operating.  The  PWM  gain  is  increased  when  only  one  motor  is  operating  to  com¬ 
pensate  for  the  loss  of  mechanical  gain  in  the  velocity  summing  differential. 

Loop  gain  is  also  affected  by  fluctuations  in  the  270-vdc  line  voltage. 

For  example,  an  increase  in  the  270-vdc  line  voltage  would  provide  additional 
power  to  the  motor.  To  compensate  for  the  additional  motor  power  available 
from  the  higher  line  voltage,  the  PVM  gain  is  reduced  in  proportion  to  the 
increased  voltage  detected  on  the  270-vdc  line. 

One  modification  was  adding  the  270-v  signal  from  channels  1  and  2 
to  make  Vyref  (see  Figure  32).  vTref  *hen  adjusts  the  triangle  wave  peak 
voltage  to  keep  the  loop  gain  constant  for  small  signals. 

The  second  improvement  is  to  generate  individual  pulse  width  modulation 
(PWM)  control  for  channel  1  and  channel  2.  Therefore,  individual  pulse  width 
modulators  can  adjust  each  of  the  motors  characteristic  differences.  In  addi¬ 
tion,  separate  PWM  control  is  necessary  to  implement  two-channel  redundancy. 

Each  control  channel  provides  individual  motor  current  limits  for  the  indi¬ 
vidual  pulse  width  modulators  and  can  change  the  pulse  width  modulation  of  that 
channel  to  the  respective  motor.  Reducing  the  pulse  width  to  the  motor  reduces 
the  average  applied  voltage  and  current  of  the  motor.  The  reason  for  this  reduc¬ 
tion  is  discussed  in  para.  3.2.3. 

3.2.2  Sequence,  Control,  and  Inhibit  Logic 

In  the  baseline  controller,  current  sense  information  is  provided  to  the 
sequence,  control,  and  inhibit  logic  function  block,  as  INHIBIT  and  ENABLE 
shown  in  Figure  19.  The  baseline  controller  arrangement  operated  to  limit 
peak  current,  not  average  current.  For  example,  when  motor  current  reached 
a  predetermined  level,  it  completely  turned  off  the  transistors  in  the  bottom 
leg  of  the  circuit  shown  in  Figure  23.  The  transistors  were  turned, back  on 
after  a  set  time  period  of  140  p.sec.  Figure  33  shows  the  waveforms  that  result 
from  using  only  peak  current  for  a  current  limit  concept.  It  is  clear  from 
the  comparison  of  high  and  low  speed  motor  operation  that  extreme  variation 
in  average  current  can  result  according  to  motor  speed.  Since  output  torque 
is  directly  proportional  to  average  motor  current,  the  control  of  peak  current 
limit  results  in  wide  variations  in  average  motor  torque  depending  upon  the 
motor  operating  speed. 
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Figure  30.  Controller  Block  Diagram 


TABLE  2 


SUMMARY  OF  CONTROLLER  IMPROVEMENTS 


Basel ine  Control ler 

Problem  Area 

Circuit  Modification 
and  Improvements 

Control  Circuit 

Loop  gain  affected  by 
fluctuations  in  270-vdc 
line  and  by  number  of 
motors  operating. 

Control  of  2  motors  with 
a  single  PWM  c  i  rcu  i  t ■ 

( 1 )  reliability,  and  ( 2 ) 
motor  current  limiting 
limiting  deficiencies. 

Summing  of  line  voltages 
of  channels  1  and  2  to1" 
control  of  output  vo'tjge 
of  the  triangle  wave 
gener ator 

Separate  PWM  generators, 
each  with  separate  cur¬ 
rent  limit  provisions 

Sequence,  control, 
and  inhibit  logic 

Discontinuity  of  motor 
current  control 

Control  circuit  improve¬ 
ments  described  above 

Current  limit 

(a)  Contract  amendment- 
required  demonstration  of 
significant  increase  in 
power  control  capability 

(b)  Previous  lb-amp  cur¬ 
rent  limit  achieved  only 
as  a  peak  value,  resulting 
in  a  B-amp  average  current 
applied  to  motor 

(a)  Use  of  D60T  power 
trans i stors 

(b)  Improve  efficiency 
of  predr i ve  c  i  rcu i ts 
using  VFET  devices 

( c )  New  current  limit 
control  to  limit  aver¬ 
age  current  as  opposed 
to  peaks 

Control  surface 
position  sensing 

Complex  interfacing  of  dig- 
ta 1  encoder  with  analog 
contro 1 

Replace  optical  digital 
encoder  with  a  rotary 
potentiometer. 
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Figure  32.  Triangle  Wave  Generator 
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Figure  33.  Baseline  Control  Current  Limit  Waveforms 


Circuits  were  redesigned  to  operate  from  the  average  motor  current 
(average  motor  torque).  The  average  motor  current  (motor  current  limit)  infor¬ 
mation  is  now  directed  to  the  PWM  block,  shown  in  Figure  30.  This  information 
is  used  to  control  on  average  current  through  +he  top  transistors.  Figure  34 
shows  the  typical  waveforms  for  the  improved  current  limit  control.  This 
figure  shows  that  the  average  current  (average  torque)  at  current  limit  is 
approximately  the  same  for  either  high  or  low  motor  speed  operation. 

The  current  limit  information  for  a  motor  operating  in  the  plug  mode  is 
still  directed  to  the  sequence,  control,  and  inhibit  logic  block  shown  in 
Figure  35. 
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Figure  34.  Typical  Curi ent  Waveforms  for  Improved 
Controller  in  Current  Limit 

The  PWM  information  is  directed  to  the  top  transistor  control  logic 
(INHIBIT),  and  the  plug  limit  information  is  directed  to  the  bottom  transistor 
control  logic  (ENABLE).  This  was  done  to  provide  low  common  mode  voltage  for 
the  plug  current  sense  resistor,  as  shown  in  Figure  36.  This  required  that 
the  functions  of  the  top  and  bottom  transistors  be  exchanged. 

3.2.3  Current  Limit 

The  controller  includes  two  current  limits — one  for  the  condition  of  the 
actuator  moving  toward  the  commanded  posir ion  (normal  drive  mode),  and  one 
for  the  braking  and  reversing  of  the  actuator  (plug  mode). 

Figure  36  presents  the  current  limit  block  diagram.  For  normal  opera¬ 
tion  of  the  transistor  bridge,  one  pair  of  transistors  is  used  at  a  time.  The 
upper  transistor  (+)  is  pulse  width  modulated  and  the  lower  transistor  (-)  is 
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Figure  36  •  Current  L  i  m  i  "t*  Forwerd  6nd  Plug  P^e  verse 


turned  on  to  provide  a  return  path  to  ground.  For  example,  i f  A+  is  modulated 
and  B-  is  turned  on  (see  Figure  36),  the  current  path  is  from  V  supply  through 
A+,  through  the  motor  windings  A-B,  through  switch  B-,  and  through  RSI  to 
ground.  When  A+  is  switched  off,  the  current  path  changes.  Current  flows  from 
ground  through  RS2,  diode  CRA-,  motor  windings  A-B,  switch  B-,  and  through  RSI 
back  to  ground.  The  current  in  RSI  is  the  current  that  flows  through  the  motor. 
Therefore,  the  voltage  across  RSI  is  proportional  to  motor  current. 

During  normal  operation,  the  voltage  across  RSI  (motor  current)  is  sensed, 
filtered,  and  compared  with  a  reference.  When  the  sensed  current  is  greater 
than  the  reference,  the  result  is  integrated  and  subtracted  from  the  error  vol¬ 
tage  in  the  PWM  block  of  Figure  30,  reducing  the  pulse  width  and  therefore 
the  motor  current. 

The  effect  of  this  action  is  to  I imit  the  average  motor  current  to  the 
reference  level  by  reducing  the  applied  motor  voltage  by  lowering  the  duty 
cycle  of  the  pulse  width.  The  peak  motor  current  and  current  ripple  around 
the  average  level  will  depend  on  the  motor  load  and  motor  speed  (Figure  34). 

For  operation  of  the  transistor  bridge  during  plug  mode,  one  pair  of 
transistors  is  used  at  a  time.  Again,  as  for  the  normal  drive  mode,  the  upper 
transistor  (C+)  is  controlled  in  a  PWM  mode  and  the  bottom  transistor  (B-) 
is  turned  on  to  provide  a  return  path  to  ground.  The  voltage  across  the  motor 
winding  is  the  sum  of  the  270-vdc  line  and  the  generated  motor  voltage.  The 
high  voltage  causes  a  rapid  rise  in  current  in  the  motor,  which  also  goes 
through  RSI.  The  sensed  voltage  across  RSI  is  used  to  turn  off  the  top  tran¬ 
sistor,  as  previously  described. 

The  current  path,  after  C+  is  turned  off,  is  from  motor  winding  C  through 
motor  winding  B,  through  transistor  B- ,  through  RSI  and  RS2,  and  returns  through 
diode  (CR)  C-  to  motor  winding  C. 

When  the  current  through  RS2  is  greater  than  a  reference  value,  transistor 
B-  is  turned  off.  The  current  path  is  then  modified  as  follows.  From  motor 
winding  C,  the  current  follows  through  winding  B,  through  diode  (CR)  B+,  through 
the  270-vdc  source  to  ground,  through  RS2,  and  through  diode  (CR)  C-  to  return 
to  winding  C.  Therefore,  the  current  flow  in  RS2  is  the  motor  current  in  the 
plug  mode. 

The  voltage  across  RS2  is  sensed,  filtered,  and  compared  with  a  reference. 
When  the  current  is  greater  than  the  reference,  the  result  is  to  switch  a  com¬ 
parator  low,  which  turns  off  the  bottom  transistor  and  reduces  the  flow  of  motor 
current.  When  the  current  goes  below  the  reference,  the  comparator  then  switches 
high,  turning  the  transistor  back  on.  This  effectively  causes  the  motor  winding 
to  be  shorted,  which  increases  the  current  and  the  braking  torque. 

3.2.4  Surface  Position  Sensing 

To  simplify  sensor  to  controller  interfaces,  the  12-bit  digital  rotary  shaft 
encoder  and  D/A  converter  were  replaced  with  a  potent i ometer  and  buffer  (see 
Figure  37).  The  potentiometer  is  mechanically  connected  to  the  actuator  in 
a  manner  simi lar  to  that  used  for  the  encoder. 
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3.3  NEW  POWER  SWITCH  DESIGN 


The  following  text  describes  the  modifications  for  30-amp  (average)  opera 
tion  for  the  power  switch.  Figure  38  shows  the  power  switch  circuitry.  The 
following  circuits  were  modified  in  the  power  switch  circuitry:  power  transis 
tors,  predriver  circuit,  and  voltage  clamp  network. 

3.3.1  Power  Transistors 


The  new  power  switch  design  was  based  upon  achieving  an  average  current 
load  of  30  amp  to  the  motor.  The  transistors  used  in  the  original  design 
(Motorola  MJ 10016)  were  rated  at  50  amp  and  approximately  500  v.  A  new  tran¬ 
sistor  was  selected  that  provided  additional  margin  for  current  capacity  and 
thermal  power  dissipation.  Selection  was  based  on  known  availability  of  solid 
state  devices;  AiResearch  testing  of  devices;  and  previous  experience  in  this 
area  by  NASA- JSC  during  sponsorship  of  contract  NAS  9-14952  for  the  electrome¬ 
chanical  flight  control  actuator.  Figure  39  presents  candidate  power  switch  in 
devices  evaluated  by  AiResearch  during  this  and  other  development  programs. 

The  Westinghouse  D60T,  which  was  used  by  NASA,  was  selected  primarily  because 
of  availability  and  the  satisfactory  experience  of  NASA  in  the  development  of 
similar  power  service  applications.  Power  VMOS  devices  also  were  considered, 
but  were  rejected  because  the  available  devices  did  not  have  both  high  voltage 
and  high  current  capability  needed  to  satisfy  this  application. 


+VREF 


SURFACE 

POSITION 

SIGNAL 


S  46626 


Figure  38.  Surface  Position  Sensing  Circuit 
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Figure  39.  Trans i stor  Comparison 


The  2N6547  transistor  was  combined  to  make  a  discrete  darlington  with  the 
Westinghouse  transistor.  This  increased  the  gain  and  reduced  power  loss  in 
the  predriver  section. 

3.3.2  Predriver  Circuit 


The  predriver  section  has  been  redesigned,  providing  faster  transitions  and 
improved  efficiency.  Vmos  transistors  are  used  where  bipolar  transistors  were 
used  to  switch  the  power  transistors.  Cmos  open  collector  logic  can  operate 
the  Vmos  transistors,  and  small  power  signals  can  operate  Cmos  logic.  With  the 
Cmos  and  Vmos  technology  in  the  predriver  section,  the  circuits  operate  faster 
and  more  power  efficiently  than  the  ones  developed  under  the  original  contract. 

The  logic  performed  by  the  predriver  section  has  also  been  improved.  In 
the  original  predriver  section,  the  light-emitting  diode  (LED)  in  the  opto- 
decoupler  must  be  turned  on  to  turn  the  power  switch  off.  In  the  improved  pre- 
driver  section,  the  LED  in  the  opto-decoup I er  must  be  turned  off  to  turn  the 
power  switch  off.  The  power  switch  will  therefore  be  off  if  the  input  lines 
to  the  predriver  section  are  disconnected. 

3.3.3  Des i gn 

The  flyback  diodes  (see  Figure  37)  protect  the  power  transistors  from 
voltage  spikes  caused  by  the  inductive  load  of  the  motor  windings.  These 
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transient  voltages  can  exceed  the  high  side  of  the  270-v  line  or  be  below  the 
low  side  of  the  270-v  line,  which  could  result  in  destroying  the  power  transis¬ 
tors.  The  flyback  diodes  limit  the  motor  winding  voltage  to  seven  tenths  of 
a  volt  above  the  high  side  of  the  270-v  line,  or  seven  tenths  of  a  volt  below 
the  low  (or  ground)  side  of  the  270-v  line.  There  is  a  suppression  circuit 
(see  Figure  37)  across  the  flyback  diode  that  stores  transient  energy  during 
the  time  it  takes  to  turn  the  flyback  diode  on.  Once  the  flyback  diode  turns 
on,  the  energy  in  the  suppression  circuit  is  dissipated  across  the  flyback 
diode. 


When  the  power  transistor  is  being  turned  off,  a  voltage  clamp  network 
slows  the  voltage  rise  across  the  power  transistor  until  the  current  through 
the  transistor  starts  to  decay.  If  this  network  was  not  there,  the  voltage 
across  the  transistor  would  go  to  full  line  voltage  (270  vdc )  before  the  cur¬ 
rent  through  the  transistor  was  turned  off.  This  is  shown  by  comparing  the 
two  voltage/current  waveforms  in  Figure  40.  This  would  result  in  a  large 
power  loss  in  the  transistor  that  would  cause  eventual  destruction  of  the 
transistor  through  overheating.  If  the  voltage  across  the  transistor  were 
delayed  until  the  current  starts  to  decay,  the  power  loss  in  the  transistor 
is  significantly  lower  (see  Figure  40).  Figures  41  and  42  are  actual  pictures 
of  the  power  transistor  turnoff  and  turnon  character i st i cs . 

Figures  43  and  44  present  views  of  one  of  the  power  switch  assemblies 
used  to  drive  one  servomotor.  The  D60T  transistors  are  mounted  on  each  of  the 
finned  aluminum  heat  sinks.  Predriver  circuits  and  power  supplies  complete  the 
assembly.  The  predriver  and  power  supplies  are  located  close  to  the  switches 
to  minimize  lead  length. 

Figure  45  shows  the  assembled  power  switch  being  tested  in  the  laboratory 
prior  to  interfacing  with  the  servomotor.  This  tester  can  evaluate  transistor 
performance  over  wide  ranges  of  voltage,  current,  and  switching  speed. 

Figure  46  shows  the  modified  2-channel,  rack  mounted,  controller  bread¬ 
board.  The  2-power  switch  assemblies  are  located  in  the  upper  rear  portion  of 
the  console. 
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Figure  40.  Power  Transistor  Current  and  Voltage  Waveform 
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a.  OVERALL  PERIOD 


b.  TURN-ON 


c.  TURN-OFF 


gure  41.  Transition  of  Top  Transistor, 
B  Phase,  10  Amp  per  Division 
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a.  OVERALL  PERIOD 


b.  TURN-ON 


c.  TURN-OFF 


Figure  42.  Transition  of  Bottom  Transistor, 
B  Phase,  10  Amp  per  Division 
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Figure  45.  Power  Switch  Assembly,  During  Checkout 
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Figure  46.  Two-Channel,  Rack-Mounted  Controller  Breadboard 
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4. 


DETAILED  ANALYSES 


The  analysis  required  for  this  program  was  divided  into  three  categories: 

(1)  thermal  prediction;  (2)  mission  duty  cycle  determination;  and  (3)  figure  of 
merit  determination.  The  following  text  will  discuss  these  categories  in  detail. 

4.1  THERMAL  PREDICTION 

Transient  and  steady-state  thermal  analyses  of  the  hinge  line  actuator 
motor  presented  in  Reference  1*  were  performed.  The  original  thermal  model 
was  modified  to  reflect  the  as-built  configuration  of  the  components.  The 
model  was  used  to  predicl  the  thermal  performance  of  the  motor  at  various 
operating  conditions. 

The  purpose  of  this  analysis  is  to  evaluate  the  thermal  capability  of  the 
motor.  The  therma,  model  used  in  the  computer  analyses  is  presented  in  Figures 
47  through  50. 


Figure  47.  Actuator  Motor  Thermal  Model 


*E lectromechan ica I  Actuation  Development,  AFFDL-TR-78- 1 50 ,  December  1978, 
pp.  229  through  236. 
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Figure  48.  Rotor  Thermal  Model 


Figure  49.  Simplified  Thermal  Model  of  Gear 


57 


HOUSING 


S  46613 


Figure  50.  Motor  Stator  Windings  Thermal  Model  for  Transient  Analysis 


4.1.1  Thermal  Conditions 


The  operating  conditions  used  in  the  analysis  are: 

•  Ambient  temperature  =  80° F. 

•  270  volts,  8,000  rpn.  Res i stance  =  0.967  ohms  at  200°F. 

•  Brake  coi I  loss  =  15.2  w  at  100  v  and  200°F. 

The  detailed  electrical  losses  and  gearbox  loss  are  tabulated  in  Table  3. 
The  gearbox  loss  at  continuous  duty  cycle  was  assumed  to  be  approximately  15 
percent  of  the  motor  input  power  (I  x  V).  This  is  consistent  with  the  torque 
efficiency  determined  by  test  from  the  earlier  development  effort  (Reference  1). 
The  copper  loss  is  given  at  200°F,  and  the  computer  program  adjusts  the  copper 
loss  as  a  function  of  the  predicted  temperature. 

4.1.2  Kesu I ts 


The  predicted  motor  hot  spot  temperatures  are  summarized  in  Figures  51 
and  52.  As  expected,  the  hot  spot  temperatures  occur  at  the  stator  end  turn 
near  the  gearbox.  The  steady-state  motor  hot  spot  temperatures ,  as  function 
of  current  and  gearbox  loss,  are  presented  in  Figure  51.  Figure  52  shows  the 
transient  hot  spot  temperature  response  at  different  current  levels  with  maxi¬ 
mum  gearbox  loss  (15  percent  of  I  x  V/, 
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STEADY  STATE  TEMPERATURE 


TABLE  3 


POWER  LOSS  FOR  WPAFB  H INGEL  I  ME  ACTUATOR  MOTOR  THERMAL  ANALYSIS 


l 

Amp 

91 

l2  R 

at  200°  F 

Stray 

10  percent, 

Q1 

Tooth 

Back 

1  non 

— 

Rotor 

2.5  percent. 

Cl 

Gearbox 

15  percent, 

V 

4 

15.5  w 

1  .6  w 

47  w 

33  w 

0.4  w 

162  w 

6 

34.8 

3.5 

47 

33 

0.87 

24  3 

8 

62.0 

6.2 

47 

33 

1.5 

324 

10 

96.7 

9.7 

47 

33 

2.4 

405 

15 

217.0 

21.7 

47 

33 

5.4 

608 

20 

387.0 

38.7 

47 

_ 

33 

9.7 

810 

NOTE:  V  =  270  v;  8,000  rpm 

Brake  Coil  Loss  =  15.2  w  at  100  v,  200°F 
R  Winding  =  0.967  ohms  at  200°F 


V  =  270 


©  GEARBOX  LOSS 
@  GEARBOX  LOSS 
0  GEARBOX  LOSS 


15  PERCENT  (I) (V) 

(0.5)  05  PERCENT)  ( I )  (V) 
(0.25) ( 1 5  PERCENT ) ( l) (V) / 


Figure  51 
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Figure  52.  Predicted  Hot  Spot  Motor  Winding  Temperatures 
for  Hingeline  Actuator  Motor  (Node  10) 


4.1.3  Computer  Analyses  Conclusions 

It  can  be  concluded  from  the  computer  analysis  that  Figures  51  and  52  can 
be  used  as  guidelines  to  optimize  the  operating  conditions  on  the  existing 
unit. 


4.2  MISSION  DUTY  CYCLE  DETERMINATION 

Three  representative  duty  cycles,  typical  for  an  aircraft  hingeline 
actuation  system,  have  been  synthesized.  The  following  is  a  discussion  of 
each  duty  cycle.  These  duty  cycles  were  input  to  the  thermal  model. 

Figure  53  shows  the  load  spectrum  for  a  full-time  maneuvering  leading 
edge  system.  This  data  was  derived  from  the  F  —  1 6  and  F-18  maneuvering  leading 
edge  programs.  Based  on  the  present  demonstration  system,  100  percent  load 
is  equivalent  to  37,575  I d— i n .  Therefore,  the  approximate  root  mean  load  (see 
Figure  53)  of  25  percent  is  equivalent  to  9400  lb- in. 

Since  the  37,575  in. -lb  torque  corresponds  to  16-amp  maximum  current 
to  the  motor,  the  equivalent  motor  current  required  to  provide  25  percent 
level  is  equal  to  4  amp.  The  hot  spot  temperature  history  for  this  level 
condition  is  shown  in  Figure  52.  The  steady-state  maximum  temperature  is 
270°F,  well  below  the  maximum  allowable  motor  winding  temperature  of  430°F. 
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Figure  53.  Load  Spectrum  for  Full  Time  Maneuvering  Leading  Edge  Systems 


4.3  FIGURE  OF  MERIT  DETERMINATION 


An  analysis  was  conducted  to  provide  a  simple  yet  complete  method  of  relat¬ 
ing  control  surface  operating  requirements  to  motor  current  required  to  operate 
into  the  loads.  The  analysis  approach  includes  both  aiding  and  opposing  aero¬ 
dynamic  loads,  inertias  of  the  control  surface  and  motor,  gear  ratio,  and  defi¬ 
nition  of  a  probable  duty  cycle.  The  analytical  approach  is  described  in  detail 
in  the  Appendix.  Using  the  procedure  presented  in  this  Appendix,  the  following 
problem  statement  is  analyzed. 

Problem  Statement 

Load  spring  rate,  Ky  (  in  .- I b-deg“ ' )  130 

Load  inertia,  Jy,  (  in .- I b-sec^ )  2.5 

Input  amplitude,  A  (deg)  +_! 

Gear  ratio,  GR  605 

Forward  efficiency,  n  0.78 

Reverse  efficiency,  n  0.70 

No.  of  motors,  n  2 

Motor  inter  ia,  Jm  (  in .- I b-sec^ )  9.95  x  10-4 

Torque  constant,  Ky  ( in .- I b-amp“ 1 )  1.625 

Current  limit,  ly|M  (amp)  50 

Three  frequencies  (2,  4,  and  8  Hz)  were  input  into  the  analyses  to  deter¬ 
mine  the  corresponding  motor  currents. 


The  results  of  analysis  are  as  follows: 


Duty  Cyc I e,  Hz 


b.  4 


Motor  Current,  Amp 


The  23.1-amp  current  required  to  provide  8-Hz  frequency  correlates  with 
test  data  gathered  at  8  Hz  while  monitoring  temperature  histories  of  motor 
components.  The  analysis  can  therefore  be  verified. 
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TEST  EQUIPMENT 


5.1  SPECIAL  TEST  EQUIPMENT  AND  FIXTURES 

The  hingeline  actuation  unit  was  tested  using  a  test  stand  to  support  the 
actuator  and  to  simulate  the  aircraft  structural  interfaces.  The  test  stand 
also  included  a  spring  load  to  simulate  aerodynamic  loading  of  the  actuator. 

An  electric  supply  was  set  up  to  provide  270-vdc  power  to  the  controller  and 
the  motor.  To  accommodate  environmental  testing,  (1)  a  thermal  chamber  for 
the  actuator  was  constructed,  and  (2)  the  motor  and  actuator  were  instrumented 
to  monitor  external  temperatures.  These  test  and  support  hardware  items  are 
described  below. 

5.1.1  Test  Stand 


The  test  stand  was  designed  to  interface  with  the  actuator  assembly  in  a 
manner  similar  to  an  aircraft  installation.  The  test  stand  provides  for  mount¬ 
ing  of  the  position  feedback  device  (potentiometers)  at  the  extreme  end  of  the 
simulated  control  surface  interface. 

The  output  of  the  actuator  mates  to  a  10-in. -long  arm,  which  allows  interface 
with  the  load  spring  assembly.  The  springs  simulate  linear  aerodynamic  loading. 

5.1.2  Power  Supply 

The  electrical  power  distribution  system  is  comprised  of  a  primary  power 
source,  a  3-phase  setup  isolation  transformer,  and  a  full-wave  rectifier. 

The  power  supply  is  shown  in  Figure  54. 

The  dc  voltage  output  of  the  power  supply  is  sensitive  to  the  output  demand. 
Variations  as  high  as  20  percent  were  observed  under  loaded  conditions.  Although 
this  fluctuation  is  a  large  one,  frequency  response  and  performance  requirements 
were  met.  Standardization  of  test  conditions  would  be  improved,  however,  if  a 
power  source  was  used  that  did  not  exhibit  the  voltage  variation  as  a  function 
of  power  demand.  A  reduction  in  the  power  supply  voltage  may  reduce  the  maximum 
actuator  output  rate. 


S2W1 1 


Figure  54.  Block  Diagram  of  the  Power  Supply 


l 
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Figure  56.  Arrangement  of  Thermal  Instrumentation 


Figure  57  i s  a  photograph  showing  the  placement  of  the  thermal  instrumen¬ 
tation.  Detail  views  of  these  placements  are  shown  in  Figure  58  as  follows: 
motor  end  bell  (a);  stator  assembly  (b);  and  rotor  assembly  (c). 

5.2  FACILITIES 

AiResearch  Manufacturing  Company  of  California  provided  all  engineering 
and  testing  facilities  required  for  the  rotary  hingeline  actuation  unit  test 
program. 
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Figure  57.  Thermal  Instrumentation  Placement 


c.  ROTOR  ASSEMBLY 


Figure  58.  Detail  Placement  Views 


6.  TESTING 


This  section  presents  the  detail  descriptions  of  each  test  performed  for 
the  contract  amendment.  Individual  test  briefs  summarizing  setup,  procedures, 
and  required  data  also  are  presented.  The  testing  portion  was  divided  into 
four  specific  tests  as  follows: 

(a)  Extended  temperature 

(b)  Extended  current  limit 

(c)  Power  supply  voltage  variation 

(d)  Duty  cycle  capability 

Results  of  these  tests  are  presented  in  Section  7  of  this  report. 

6.1  EXTENDED  TEMPERATURE  TEST 

The  objective  of  this  test  was  to  demonstrate  system  operation  at  selected 
ambient  temperatures,  and  to  compare  performance  data  with  data  gathered  from 
room  temperature  tests..  Frequency  response  tests  were  conducted  after  stabil¬ 
ization  of  the  motor/actuator  at  ambient  temperatures  of  -65  and  +250°F.  The 
actuation  unit  will  then  be  subjected  to  loads  of  0,  10,  and  20  percent  of  stall 
torque  capability.  The  test  brief  is  shown  in  Figure  59. 

The  test  setup  is  shown  in  Figure  60.  The  environmental  chamber  was  con¬ 
structed  of  aluminum,  with  foam  insulation  bonded  to  the  outside.  Figure  61 
shows  the  chamber  closed  around  the  actuator  and  connected  to  the  temperature 
conditioning  unit.  Temperature  conditioned  air  is  circulated  by  the  unit 
through  insulated  ducts,  to  the  insulated  enclosure,  and  back  to  the  unit  for 
rec i rcu I  at  ion. 
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3)  INPUT  AMPLITUDE 
A)  OUTPUT  RATE 


ACCEPT/REJECT  CRITERIA 


TEST  DEMONSTRATION  ONLY 


REQUIRED  DATA 

5)  OUTPUT  AMPLITUDE 

6)  OUTPUT  LOAD 

7)  MOTOR  AND  ACTUATOR  TEMPERATURES 


NOTES 

OATA  TO  BE  CORRELATED  WITH 
PERFORMANCE  VARIATION  WITH 

PREDICTED  MOTOR 
TEMPERATURE . 

Figure  59.  Extended  Temper atur e  Test 


Figure  60.  Actuator  Installed  in  Environmental  Enclosure 


Figure  61.  Actuator  During  Temperature  Testing 


F  31365 


69 


6.2  EXTENDED  CURRENT  LIMIT  TEST 


The  objective  of  this  test  was  to  evaluate  the  frequency  response  of  the 
actuation  unit  as  a  function  of  current  limit  setting.  The  peak  current  limit 
will  be  set  at  20,  25,  and  30  amp.  At  each  current  limit  setting,  frequency 
response  data  will  be  recorded  at  loads  of  0,  10,  and  20  percent.  These  tests 
will  be  conducted  at  room  ambient  temperature.  One  frequency  response  data  run 
will  be  made  at  30-amp  current  limit  and  at  250°F  unloaded.  The  test  brief 
is  shown  in  Figure  62. 

6.3  POWER  SUPPLY  VOLTAGE  VARIATION  TEST 

The  objective  of  this  test  was  to  evaluate  the  performance  capability  of 
the  actuation  system  operating  at  reduced  power  supply  voltage  levels.  The 
actuation  system  will  be  operated  at  2-  and  4-Hz  frequencies.  After  each  repe¬ 
tition  of  the  2-  and  4-Hz  frequencies,  the  power  supply  voltage  level  will  be 
reduced  by  15  v.  This  will  be  repeated  until  the  power  supply  voltage  level 
is  90  vdc.  The  test  brief  is  shown  in  Figure  63. 

6.4  MOTOR/ACTUATOR  DUTY  CYCLE  CAPABILITY  TEST 

The  objective  of  this  test  is  to  establish  a  relationship  between  the  elec¬ 
trical  input  power  and  the  actuation  unit  output.  The  test  involves  gathering 
input  and  output  data  over  a  variety  of  duty  cycles  (see  Figure  64).  This 
data  will  be  collected  while  operating  at  room  ambient  temperature. 
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Figure  63.  Power  Supply  Voltage  Variation  Tor,t 
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I  iijure  64.  Motor/Actuator  Du+y  Cycle  Capability  Test 
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TEST  RESULTS 


This  section  contains  the  results  of  tests  performed  on  the  electromecha¬ 
nical  rotary  hingeline  actuator  unit.  The  purpose  of  these  tests  was  to  further 
strengthen  the  evaluation  data  base  of  electromechanical  actuation  for  aircraft 
primary  flight  control.  Testing  was  conducted  in  accordance  with  the  Air  Force 
approved  electromechanical  actuation  unit  follow-on  test  plan,  presented  in 
AiResearch  Report  78-15393,  dated  October  1,  1978.  Detail  test  results  are 
presented  for  each  test  previously  described  in  Section  6. 

7.1  FREQUENCY  RESPONSE  TEST 

The  results  of  frequency  response  testing  at  extended  ambient  temperatures 
are  shown  in  Figures  65  through  68.  in  all  of  the  frequency  response  plots, 
the  input  command  signal  was  sinusoidal  at  a  amplitude  of  +J  deg  and  the  average 
current  limit  is  30  amp. 

Figure  65  shows  the  actuator  unit  operating  at  full  gain  and  compares 
the  amplitude  degradation  and  phase  lag  at  -65°F,  72°F  (room  temperature),  and 
t250°F.  There  is  very  little  variation  in  the  amplitude  degradation  at  these 
temperatures.  However,  the  phase  lag  at  the  higher  temperature  is  greater  at 
higher  frequencies.  This  result  was  expected  because  of  the  increased  resistance 
in  the  wound  stator  as  a  function  of  temperature. 

Figure  66  through  68  show  the  actuator  performance  when  the  gain  in  the 
controller  is  decreased  by  50  percent  for  ambient  temperatures  of  +250°F,  room 
temperature,  and  -65°F.  Figure  66  is  the  no-load  case;  Figure  67  shows  the 
10  percent  load  case;  and  Figure  68  shows  the  20  percent  load  response. 

7.2  EXTENDED  CURRENT  LIMIT  TEST 

The  results  of  the  extended  current  limit  test  are  shown  on  Figure  69. 

Figure  68  shows  the  actuator  output  response  at  various  current  limits  to  a 
+•1  deg,  sinusoidal  input  command  signal  at  frequencies  from  0.5  to  10  Hz. 

This  figure  also  shows  the  direct  relationship  between  current  limit  and 
output  performance.  For  a  67  percent  decrease  in  current  limit,  the  amplitude 
degradation  at  10  Hz  is  increased  by  49  percent.  This  relationship  is  the 
result  of  the  decrease  in  torque  available  for  acceleration  of  the  load.  In 
this  case,  the  load  is  almost  entirely  the  inertia  of  the  motor  rotor. 
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Figure  67.  Frequency  Response  Temperature  Comparison 
Half  Gain,  20  Percent  Load 
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Figure  68.  Frequency  Response  Temperature  Comparison 
Half  Gain,  10  Percent  Load 
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Figure  69.  Frequency  Response  Current  Limit 
Comparison,  Half  Gain,  No  Load 


7.3  POWER  SUPPLY  VOLTAGE  VARIATION  TEST 

This  test  demonstrated  the  system  operation  from  an  unregulated  voltage 
source.  The  results  of  this  test  are  presented  in  Tables  4  and  5.  Table  4 
summarizes  the  actuator  response  to  a  2  Hz,  +1  deg,  sinusoidal  input  command 
signal.  The  voltage  was  varied  from  285  vdc  to  90  vdc  in  15-v  increments.  All 
tests  were  conducted  at  room  temperature. 

Table  5  summarizes  the  actuator  response  to  a  4  Hz,  +1  deg,  sinusoidal 
input  command.  The  same  voltage  increments  and  ambient  temperature  were  used. 

The  data  of  both  tables  show  that  the  performance  of  the  unit  is  not 
affected  by  small  voltage  variations  at  input  frequencies  of  4  Hz  or  less. 

This  is  because  the  controller  switch  duty  cycle  increases  to  provide  the  same 
average  motor  voltage  even  though  the  supply  voltage  is  reduced.  At  the  extreme 
low  voltages  when  the  switch  duty  cycle  is  100  percent,  the  low  supply  voltage 
results  in  low  motor  speed  and  rate  limiting  occurs.  For  the  majority  of  air¬ 
craft  flight  conditions  where  2-  to  4-Hz  frequency  response  is  adequate,  it  is 
clear  that  substantial  voltage  variations  can  be  tolerated.  The  conclusion 
from  this  data  is  that  the  270-vdc  supply  bus  does  not  require  close  regulation. 
Indeed,  direct  utilization  of  power  from  engine  driven  generators  may  be  entirely 
satisfactory  and  would  result  in  major  savings  in  power  conditioning  equipment 
wei ght. 
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TABLE  4 


ACTUATOR  RESPONSE  SUMMARY  FOR  2  Hz 


App 1 ied  Input 

Amp  1 i tuae 

Phase 

Voltage,  v 

Degradation,  db 

lag,  deg 

285 

-.72 

19.6 

270 

-.72 

19.8 

255 

-.72 

18 

240 

-.72 

18 

225 

-.72 

16 

210 

-.64 

18 

195 

-.72 

18 

180 

-.72 

16 

165 

-.72 

19.6 

150 

-.92 

'6.27 

135 

-.92 

n.e 

120 

-.64 

19.6 

105 

-.95 

15.66 

90 

-.85 

36.73 

TABLE  5 

ACTUATOR  RESPONSE  SUMMARY  FOR  4 

Hz 

App 1 i ed  Input 

Amp  1 i tude 

Phase 

Voltage,  v 

Degradation,  db 

lag,  den 

285 

-2.71 

54.55 

270 

-2.73 

54.00 

255 

-2.5 

59.38 

240 

-2.80 

50.40 

225 

-3.01 

61.82 

210 

-2.74 

61.20 

195 

-2.92 

45.47 

180 

-3.  14 

54.68 

165 

-2.71 

41 .94 

150 

-3.  14 

47.27 

135 

-3.01 

50.91 

120 

-3.30 

54 

105 

-3.43 

59.42 

90 

-3.70 

68.40 
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7.4  thermal  evaluation 


The  temperature  of  all  nodes  discussed  in  Section  5  was  monitored  during 
each  te^t.  The  purpose  of  the  temperature  monitoring  was  to  prevent  overheat¬ 
ing.  A  'mperature  profile  of  the  motor  winding  (node  2)  is  shown  in  Figure  70. 
During  this  test,  a  constant  load  of  29  lb-in.  was  applied  to  the  output  of  a 
motor.  This  load,  when  applied  to  the  actuator  output,  is  equivalent  to  40 
percent  of  the  maximum  design  load  (37,575  lb-in.)  of  the  actuator.  This  data 
is  compared  with  the  predicted  thermal  results  of  Figure  71. 

Temperature  data  gathered  during  high  (+250°F)  and  low  ( — 65°F )  ambient 
temperatures  are  presented  in  Figure  72,  Figure  73,  and  Table  6.  Figure  72(a) 
and  (b)  shows  the  motor  winding  and  motor  brake  coil  temperature  profiles 
during  frequency  response  testing  at  +250°F  ambient.  Figure  73(a)  and  (b) 
shows  the  motor  winding  and  motor  brake  coil  temperature  profiles  during  fre¬ 
quency  response  testing  at  -65°F  ambient.  This  data  is  further  supported 
by  the  temperatures  given  in  Table  6,  which  presents  temperatures  that  were 
recorded  during  the  respective  frequency  response  tests  shown  in  Figure  72(a) 
and  (b)  and  Figure  73(a)  and  (b).  These  temperatures  were  recorded  when  the 
highest  temperatures  of  the  windings  were  recorded. 

Correlation  between  the  thermal  data  and  the  thermal  model  results  are 
good.  These  tests  have  confirmed  the  capability  of  electromechanical  actuation 
performance  at  ambient  temperatures  between  -65°F  and  t250°F. 
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TEMPERATURE, 


TEMPERATURE,  F  TEMPERATURE 


(b) 


TEMPERATURE  PROFILE  DURING  8  HZ.  HALF  GAIN 
FREQUENCY  RESPONSE  TEST 


Figure  72.  Motor  Winding  and  Motor  Brake  Coil 
Temperature  Profile,  250°F  Ambient 


8.  CONCLUSIONS  AND  RECOMMENDATIONS 


A i Research  Manufacturing  Company  of  California,  uncer  contract  from  WFAFLi, 
has  completed  a  development  and  testing  effort  that  further  substantiates  the 
adaptability  of  e I ectromechan i ca I  actuation  to  satisfy  the  requirement  of  air¬ 
craft  primary  flight  controls. 

(a)  An  average  current  of  30  amps  at  270  vdc  can  be  control  led  using 
transistor  technology  in  a  power  servo  application.  Using  a  minor 
control  loop  with  integration,  the  average  current  level  is  main¬ 
tained  nearly  ripple  free. 

(b)  The  power  transistors  (West i nghouse  D60T)  are  used  in  a  six  transistor 
bridge  circuit.  The  conf igurat ion  provides  the  minimum  number  of 
solid-state  switching  devices  required  ter  (1)  commutation  of  power 
(including  reversing  and  regenerat i on )  to  the  windings  of  the  brush¬ 
less  dc,  permanent  magnet  rotor  motor,  and  (2)  speed  and  torque 
contro I . 

(c)  ~.ie  technology  of  field  effect  transistors  (FET's)  is  progressing 
rapidly  into  the  area  of  hiyf  power  capability.  In  -"he  future,  if 
the  power  capability  of  FET's  continues  to  increase,  they  nay  offer 
significant  advantages  over  the  existing  Li-polar  transistors  in 
terms  of  higher  switching  speed  ana  lower  internal  losses. 

(d)  i he  existing  motor  rotor  [ositicn  sensors  could  be  improved,  and 
possibly  eliminated.  The  advantage  of  eliminating  ~otor  rotor 
position  sensors  (simpler  motor)  should  be  carefully  considered  in 
terms  of  controller  complexity  to  implement  commutation.  Commutation 
concepts  which  employ  use  of  programmed  startup,  and  sensing  of 

back  LMF ,  have  been  studied  and  demonstrated  by  others  for  normal 
motor  operation.  Adopting  this  concept  of  commutation  control  to 
a  fast  response  servo  motor  should  be  investigated. 

(e)  The  breadboard  controller  developed  is  not  a  fully  redundant, 
two-channel  configuration.  Additional  effort  is  required  to  pro¬ 
vide  total  separation  of  the  two  servo  channels.  Since  the  actuator 
velocity  sums  the  output  of  the  two  motors,  cross-channel  monitor¬ 
ing  and  control  may  be  required  to  assure  synchronization  of  the 
two  independent  motor  drive  circuits. 

(f)  The  technique  of  force  summing  of  redundant  drives  should  be 
considered  instead  of  the  velocity  summing  approach  used  in  the 
existing  design.  Mechanical  design  studies  should  also  include 
evaluation  of  mechanical  stops  to  limit  actuator  rotation. 
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Acciticra!  studies  o*  the-  a<  ?L»i+<  r  r  t c  * i-T  t<. !  c.t  r  i  :r  •_  r  c  i.  ’  r  irr'i.rt 
the  fc  I  lew  i  rg  : 

(!)  The  refer  traces  ir  fir-  p  r  c  sor  ♦  far  rwarc  are  u!  er  u  >r;  •  ere  * 
redundancy  after  a  failure;  i.e.,  tf  cv  arc  pass  ive  t  1  t-rer  t;  i  • 
the  syster.  dyrarics.  Ar  a  I  ferrate  cesiqr  r  r  r  u  !  d  <>[  lore 
joss  it  il  ity  c.f  using  the  mo+or  traces  as  tfrtic  I  rad  rc  I  i  r 
devices.  This  ap  [  roach  could  s  iqn  i  f  irart  I  y  i  rcrease  *tc  ‘  re¬ 
state  lead  holding  capability  c.f  the  ac+uatcr  t  y  'fee  in-; 
steady-state  current  applied  to  the  rc +or . 

(?)  The  s+udy  should  include  the  feasibility  of  a  variaf'e  rear 
rat  ic  drive.  The  requirements  for  primary  f  I  iol  +  ccr+rcl 
surfaces  include  a  high  frequency  resporse  and  a  large  s+eaev- 
state  load  hold  capability.  These  individual  recu  i r<r  c - 1 *  ar< 
easily  satisfied,  but  a  satisfactory  combination  r*  a  rrliafle, 
ver  iafle  gear  ratio  would  be  a  major  treat-  thr  c  uos  br  <  le<.  trr- 
meeban  ical  actuation  for  aircraft  primary  flich+  rrrt-c.ls. 

(g)  The  final  report  ( AFFCL-TF-78- 1 50 )  evaluates  and  predicts  +hr  p  r  *  - 

forr-ance  of  the  actuation  system  using  a  tachometer  U  e-dtar  v  ser  vc 
configuration,  which  would  be  required  for  control  surfaces  w-"*! 
high  inertia.  This  effort  would  require  motor  and  contr  c  !  ler  ••  r  d  i  *  i  - 
cations  and  construction  of  a  new  test  fixture.  The  row  ■  id,.t( 

would  have  an  inertia  similar  to  that  cf  a  primary  fligh*  d.-rhc  1 

sur  face. 

(h)  Lastly,  but  of  major  importance,  is  to  upda+e  the  ertuatier  ur it 
model  to  include  representations  of  the  most  recent  circuit  improve¬ 
ments,  and  to  expand  the  model  to  include  the  redundancy  charac¬ 
teristics  of  the  two-channel  actuator.  The  modeling  effort  j «  also- 
required  to  fully  understand  the  dynamics  of  the  velociJy  summer 
motor  input  and  to  stabilize  the  control  surface  positicn  loop  at 
the  gain  required  to  satisfy  the  frequency  response  requ  i  r  -rrer  ts . 
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Forz.  -rOt  CA^E  OP  THE  L.oAn>  B-ACiCPfc  1  \> 1  /A  l,  T^E 
AcTOATOfZ  .  A  l>3umE  TAE  F0LA.OVO1MC7 


Tt;  x 


DATE  ' 

PART  NO _ 

PREPARED  BY 


h-3-?9 


CALC.  NO.  _ 

MODEL  NO _ 

CHECKED  BY  . 


SHEET  NO. 


I  Z  -  I  9 


lw\Oi  ,  accel E-eArrioid  at  twe  load  is,  constant. 

"TLt.s  also  assumes  “T HAT  tHE  load  ACTLATOJZ.  TO^JEj 

Mie  Co/OSTANT,  AMO  THAT  THE  SPfZiMCi  Load 
or  THE.  LOAD  MODEL  t  L  ’ZERO', 


eL  =  ©a 


Im  SE1*T)NC-»  INTO  (r.  • 


b’Z) 


(4-?) 


So  THE  To|2.C?OE  TfcAN* /VUTT£^>  TO  THE  actvATOH 
IS,  A  FUNCTION)  OP  THE  APPLIED  ArOD  INERTIAL  LOADS 

Ei?uATioNS  (4-Z)  AND  (4-3)  A  IE.  6.  V/ALIID  Foft  THE 
Case  OF  THE  load  (  APPLIED  Tol2<?0£  AND  /ME£T»AL 
LOAD')  _BAC^ORIVInJC>,  THE  ACTUATOR  (  /WOToft 
T0(29oES  AaJD  Ia)EI2T<A  S)  , 


*wn:  / 


DATE  11-3-79 

PART  NO _ 

PREPARED  BY . 


CALC.  NO.  _ 
MODEL  NO- 
CHECKED  BY . 


SHEET  NO.  . 


S.o  AcTvJATOfZ.  TongoE  ,  AA/OTOfl  "T0R.QOE  ,  A  NO  AVOTOR. 
CoafctOT  D  emamd 


CALCULATE  ACTUATOR  Torque  ,  VV/OTorZ.  TOfRUUS 
AMO  AAuTofZ  C  OR.Re.f0rr  Foe  TME.  TvOO  iOO“TV  CVCL.E 
cases  o<=  ^ec.  4'0  . 


A  scoaae.  tva-at  AAoTorz.  -torque*  is  proportioma  ^ 
“To  hkOTQfc  CORRECT 


A/\  “  v-A 


'-*•  /A 


COHERE 


"TfA 

A 

MoToR.  “Torque 

A 

N  07  OK. 

^  NV 

CURrsEAT 

l<T 

A 

Motor. 

TORQUE 

P><V  T^E  CASE  OP  tRE  Ac-rUATorc  DR.lV  I|4C-,  T  v4E.  L  oAO 

(fir.it  dutv  cvcue  case)  ,  Equate  (  1- 3  )  anjo  (a  -  O' 


~  -Jr^GlR.  nc,R.n  ®A 


+  [l<(c-Jtu)u  Jas^oo*! 

By  DE  FlM'TtoN  OP  TVtE  OUT/  CVCUE  Usl  SEC.  4-0  ‘ 

0>A  e  -  Aw1  Sin  cot 


WC  /  ■' 


DATE 


u-3-!«5 


PART  NO. 


CALC.  NO. 
MODEL  NO. 


SHEET  NO. 


I  4  -  I 


PREPARED  BY  . 


CHECKED  BY  . 


9 

=0 


CiRn  nT*  -  C-ifc^n  nr\  (-  - 

1  CtfZ  '<1K 

Tu  +  [ku-J  Wv/J1’]  A  ^iNuot 
(  |  Tu  •+•  L  "  J  v  "]  A  ^  i  m  uo  t.  | 


N\ 


I  -O^CnR'n  n  A  uo\i Moot  j 

<S)fI 


f  1  -T  0  , 

'  L.  +•  _ _ _  ^INlLOL 


Cn(zn  n 

Ct^ 


Cifin  n 

'c,R. 


Jl 


cnR_n  n 

'CiR 


+  C-\RJm  ^  A  uO-1  s  to't 


0sh4Ct  Qs-z) 


Cs-0 


Them 


i  -3-  7C) 


PART  NO. . 
PREPARED 


BV  S  .  C-q\mE 


CALC.  NO.  . 
MODEL  NO.. 


CHECXED  BY  . 


SHEET  NO.  1  £ li  ^ 


I  _ 

*  c  7 


U-3) 


FoC.  VALUES  Op  Tm  AMD  ^ 


Cntlrj 


-  ■+■  6 -lol[ — ' J ,  w co1" ) A  |  (S’_<0 

n  ViGO"'  s 


I  =  —  T 

'ca*s  i y  ' 


(S--5-) 


For.  -THE  CASE  o<~  TAE.  LoAO  DR.»WMCn  T  *-^E.  AHJaTo^ 
(  eecomo  oo~ry  cycLt  CASE),  EQOME  C  I  *  &  )  ANiD 
(<3  -T )  ; 


j^GR^n  ClRn 

©  +■  ■— —  T/a 

■w  *  nu 


-  1  /_.  e,dn  \ 

©  =  . - -  (  Tt  *  ^rr  HVv ) 

A  ^  Jn>  CtR  0  ^  ^  *ifc 

^  Old 


13 


nATF 

PART  NO. 

PflEPARED  BY  . 

c. 

CALC.  NO.  _ 
MODEL  NO. — 
CHECKED  BY  . 


SHEET  NO. 


0  (  3  *  *0 


'  T  (t. 


Gif 1*  _ 

vv  * A 

'  tit 


<  -  6  i 


T^S  Aa>3  0 /^_  VOlUL.  !>,£.  A"!'  C f 


.  \ 

fA  K  -T  ^ 


(  £  -I1  ) 


FPo// 


U-i) 


1 A  ~  *Tl.+  ^l^/ 


(•5-yj 


mL  To(2^J(TS  AT2.C  Cor.^'AMT  ,  tPi^S.£_ 
tr^>  OPTIONS  Ite  oe££E-tO~  A  ST  E  A  O'/  -  i  ~rt\l  z 
r  o  rJOiT'O^  .  JslOTX  THaI  FofZ 


<•  o 


Tt4£.  ONI7  is  not  12.  A  C  f£  D<2  \  J  . 

VlfKlAtfe  \  *7  v/00'JV.D  B£  AT  STM.iw  Ofj. 

or2.uiN(>  NO/lA^ALwy  ,  1*4  ultiicrt  CASE  ~‘AE~€. 

6-QOATiO^S  VOOOV-O  NO  CO<0C>£C  'ES’  VAUp 


104 


11-3-15) 


PART  NO _ 

PREPARED  BY . 


CALC.  NO.  _ 

MODEL  NO _ 

CHECKED  BY . 


SHEET  NO. 


f?  -  1^ 


Hq^»ATIO/0£.  Pom  SECTIOM  S-0  ARE  SU/WArtPlClIfO 
IN  TABLE  S'  I  - 
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DATE 


v  >  -3-1^ 


CALC.  NO. 


SHEET  NO. 


V- 1  v 


PART  NO _ MODEL  NO.  _ 

PREPARED  BY  w  ■  E _  CHECKED  BY 
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i- 


~m*z  t — 


PAST  NO _ 

PREPARED  BY  . 


S  CU±  O? 


CALC.  NO.  . 
MODEL  NO.. 


CHECKED  BY  . 


SHEET  NO.  . 


&  !~c- 


vl 


i  I  at 

-1 


•U.B.aov*mm*nt  Prlntlnt  Offlcai  ltto  -  «  5  7-0  *4 /tie 


